Graphene is a material with unprecedented physical properties, 1, 2 and the understanding of these properties has tremendously improved in recent years. Graphene is highly flexible, mechanically very strong material with a charge carrier mobility 3 higher than 200000 cm 2 /V·s and an electrical conductivity twice that of copper. For electronic and infrared photonic applications a great advantage of graphene is its linear dispersion relation and tunable conductivity. At the same time a single sheet of graphene absorbs 2.3% of visible light intensity, 4 which is considerable taking into account its single atomic layer thickness, but small compared to other conducting films, which are invariably thicker. These properties contribute to making graphene suitable for optoelectronic and photovoltaic applications requiring transparent electrodes such as light-emitting diodes, solar cells and touchscreens 5 thus replacing scarce, brittle and relatively expensive indium tin oxide that is extensively used nowadays. Moreover, largearea graphene and graphene-based materials are promising for nonlinear optical applications, 6 sensing 7 and catalysis. 8 Various methods for graphene production exist 9 : liquid exfoliation, reduction from graphene oxide (high throughput but low-quality), mechanical exfoliation (high-quality in small areas), thermal decomposition of silicon carbide (high quality, large-area and expensive), or chemical vapor deposition (CVD) (medium-high quality). For the CVD processes, graphene is generally grown on copper 10 and then transferred to an insulating substrate. 11 During transfer various microand macro-damages such as cracks and holes are commonly introduced in the graphene, breaking electrical connections within the graphene film and thus impairing the overall electrical properties. 12 To repair these defects and thus to recover the combination of high optical and electrical quality of the film it was suggested to connect graphene islands or graphene oxide flakes with percolated carbon nanotubes 13 or silver nanowires. [13] [14] [15] [16] [17] [18] [19] [20] Such conductive films have been applied as electrodes in stretchable light-emitting diodes, 16 ultraviolet light-emitting diodes, 18 and for detection of hydrogen peroxide. 20 The randomly placed nanowires form a percolating network, so the resulting composite material is transparent and conductive, but not tunable anymore, as variation of the electrochemical potential of graphene does not influence the conductivity of the silver nanowires.
Another research direction in graphene-metal composites is to combine graphene with metal nanoparticles. 8, 21 The nanoparticles can in principle be drop-casted or formed with electron beam evaporation under the metal percolation limit, 22 but a more efficient and versatile method is to directly grow the nanoparticles on graphene or graphene oxide, either electrochemically as shown on graphite 23 or with electroless method. [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] Such composites can be used for catalysis, 29, [31] [32] [33] Li-ion batteries, 35 surface-enhanced Raman spectroscopy templates, 30 chemical sensing, 26 biological disinfection 28, 36 and even nonlinear z E-mail: andra@fotonik.dtu.dk optics. 37 In these cases, graphene or graphene oxide are used mostly as a supporting template for the nanoparticles, rather than a conductive film. Electroless deposition in general takes place on the whole surface of the graphene flake, covering it with either isolated nanoparticles or a continuous metal film. There are, however, applications of the metal nanoparticles where full coverage should be avoided, leaving nanoparticles positioned only at the edge of graphene or in selected areas where they perform their function. For example, it has been demonstrated that silver nanoparticles on graphene under annealing and E-beam irradiation in oxygen atmosphere can produce crystallographically oriented long nanopatterned channels and possibly allowing for near-deterministic graphene nanopattering, 38, 39 and here the particles should ideally be aligned along the edges where the channel formation commences. A more pragmatic reason is the cost of the deposited material; limiting the deposition to the edges will obviously lead to a far smaller consumption of metal. In general, selectivity of deposition is always considered as a strong technological advance.
In this work we demonstrate an electroless method to deposit silver nanoparticles selectively at or between graphene edges, with varied degree of coverage. Nanoparticles can fix broken electrical connections between the graphene islands virtually without destroying the electrochemical potential tunability of graphene. Moreover, a nanoparticle can act as the nucleation point for silver nanowire growth. The advantage of using electroless deposition is its relatively low cost and easy scalability toward mass production. The electroless silver deposition process used here is based on the silver mirror reaction developed initially for deposition on polymer structures. 40, 41 In this work we modify the procedure to achieve selective deposition on the edge of graphene flakes and on a SiO 2 substrate.
Methods
Graphene fabrication and transfer.-Graphene is grown in the Aixtron Black Magic vertical CVD system with a recipe similar to the previously reported ones. 12, 42, 43 We use commercial copper foil (Alpha Aesar 99.9999% Cu) as catalysts for graphene growth. Before the growth the foils are annealed at 1050 • C in Ar/H 2 atmosphere. The growth occurs at the same temperature for 10-30 minutes after the addition of CH 4 flow in the chamber. The varying growth time results in different coverages of graphene on copper. All graphene growths were investigated by Raman spectroscopy, confirming single-or fewlayer graphene with I(D)/I(G) ratio of order 0.1-0.2.
The transfer is done by etching the copper foil with ammonium persulfate, with the graphene supported by a poly(methyl metacrylate) (PMMA) layer. The adhesion of the graphene/PMMA onto an oxidized Si surface (100 nm of SiO 2 ) is promoted by baking at 180 • C. The target substrate is pre-treated in oxygen plasma to promote graphene adhesion. Finally, the PMMA is removed in acetone. 44 ). We used deionized millipore (MilliQ) filtered water at all steps. The important reaction steps in the silver deposition process are as follows: The sample is placed in the acidic tin(II)chloride solution for 5 minutes at room temperature. The acidic tin(II)chloride solution is used for surface treatment of the sample. This process binds Sn 2+ -ions to the surface (to hydroxyl groups on the surface) as illustrated in Fig. 1a . These particles act as seeds from which the silver crystals grow. The sample is then rinsed for 15 minutes with deionized water to remove excess SnCl 2 solution.
(ii) Afterwards the sample is immersed for 1 minute in ammoniacal silver nitrate solution that is prepared with the following reaction:
resulting in a cloudy solution. Adding more ammonium hydroxide shifts the equilibrium, creating silver ammonium nitrate,
which exists as ions in the solution:
When the pretreated sample is immersed into this solution the silver atoms bond to the Sn 2+ groups on the surface of the sample. This step is illustrated in Fig. 1b . (iii) Formaldehyde solution is added to the ammoniacal silver nitrate solution containing the sample. After 60 seconds the sample is removed and rinsed with water. Adding the formaldehyde solution to the ammoniacal silver nitrate solution, the silver-ammonia complex is reduced to silver and ammonia:
Both the ammoniacal silver nitrate and the formaldehyde solutions are cooled down to 5 • C before the procedure. Silver grows on Ag-Snseeds resulting in a thin layer as illustrated in Fig. 1c .
The standard procedure was initially developed for silver deposition on 3D polymer structures. It is modified here to optimize silver deposition on SiO 2 substrates with graphene flakes covering most of the area. The pH of acidic tin(II)chloride, ammoniacal silver nitrate and final deposition solution was 1, 11 and 8, respectively. No damage to graphene was observed after immersion into these solutions. In efforts to achieve deposition with the correct selectivity, the following approach was taken; since tin is used for silver layer adhesion 40 we excluded tin treatment with the acidic SnCl 2 solution to avoid silver on the graphene surface. Furthermore samples were treated with HCl to eliminate certain functional groups before deposition. Finally the adhesion promoter (tin ions) was deposited on the SiO 2 substrate only before the graphene transfer, to avoid silver deposition on the graphene surface.
Results and Discussion
The samples were characterized using the scanning electron microscope Zeiss Supra VP 40 (SEM). Areas of transferred CVD graphene on SiO 2 intentionally contain defects and cracks, as it can be seen from SEM microphotos in Fig. 2a . A Raman spectrum of transferred graphene is shown in the inset of Fig. 2a . Standard electroless silver deposition on these areas produced particles spread all over the surface of the sample, with the highest density (nearly a continuous layer) on graphene (Fig. 2b) . A similar procedure applied on graphite has been reported to produce a continuous layer of silver. 25 As this selectivity is exactly opposite to the requirements stated in the Introduction, several modifications of the procedure were investigated to reverse the selectivity.
Exclusion of tin (II) chloride treatment..-To avoid deposition of silver on graphene, we excluded the Sn 2+ pretreatment of the sample (acidic tin(II)chloride solution). In this way the Sn 2+ seeds are not created on silica or on the graphene surface, and thereby the silver growth is hindered. The rest of the process steps remain unchanged except timing. The sample is left in ammoniacal silver nitrate solution for 1 min and after the addition of formaldehyde another 2 min. In this way we were able to deposit silver exclusively on the SiO 2 areas (Fig. 3a) . Nevertheless, the silver layer on SiO 2 is not continuous, and the deposited silver particles do not appear to bind neither to edges nor to surface of graphene flakes (dark areas in Fig. 3 ). Increasing the time the sample is left in ammoniacal silver nitrate solution to 3 min and 4 min after adding formaldehyde has the consequence of starting deposition of the silver particles on graphene (Fig. 3b) .
Hydrochloric acid treatment.-Since we found that absence of Sn 2+ -ions prevents silver deposition on graphene and taking into account that Sn 2+ is predominantly attached to OH-groups, 25 the number of hydroxyl groups was decreased by using concentrated hydrochloric acid immediately before silver deposition. The binding energy of OH-groups is 0.8-3 eV 45 and 0.54 eV 46 respectively for SiO 2 and graphene pristine surfaces, while it is larger for defects (1.8 eV for defected graphene with Stones-Wales and vacancy defects 46 ). Therefore, we expect HCl to remove the majority of OH-groups from the graphene surface and leave silver on SiO 2 and along the graphene edges.
We pre-treated the sample with concentrated (37%) HCl for 2 min, then rinsed it in DI water and immediately proceeded with the normal electroless silver deposition. This results in higher selectivity of silver toward the graphene edges, as reported in Fig. 4 . During deposition the left side of the sample in Fig. 4a is covered by a sample holder, thus no silver is deposited in this area. Nevertheless, to the right from the sample holder edge, the reactants can access the sample surface leading to a complete silver coverage of the sample. In the transition region between these two areas, within approximately 10 μm from the continuous silver layer edge, silver grows more actively on the graphene edges. This leads to formation of nanoparticles and even short nanowires, shown in the inset of Fig. 4a . We suggest that this effect can occur due to the reduced concentration of formaldehyde in the area.
We replicated the experiment using a diluted formaldehyde solution (10 μL CHOH and 8.0 ml H 2 O). The result, shown in Fig. 4b , is a higher selectivity of silver to the edges of graphene, not only near the sample holder, but everywhere on the sample. The size of the particles was 70 ± 19 nm and their linear density was 5.2 particles per μm of the edge length. Even though small silver particles are seen to bind to the graphene surface or more likely near defects in the graphene sheet, the majority of the larger particles is formed on the edges leaving far less amount on silica. Treating SiO 2 with SnCl 2 before graphene transfer.-The SiO 2 substrate was treated with Sn 2+ before graphene transfer with the aim of controlling the density of Sn 2+ seeds. In particular, our goal was to make sure that no Sn 2+ -seeds were created on graphene, while depositing a continuous layer of silver on SiO 2 .
The samples pretreated with SnCl 2 and then exposed to oxygen plasma (see Fig. 5a ) show smaller density of the silver particles on SiO 2 compared to the sample treated with the standard method (Fig. 2b) . We can thus conclude that the Sn 2+ -seed layer is removed by the oxygen plasma treatment. Therefore we performed the transfer without the oxygen plasma treatment of the SiO 2 surface. This resulted in silver formation only on the exposed SiO 2 areas, yet without forming a continuous layer (Fig. 5b) . Moreover, silver deposition is more extensive on no plasma treated silica, as seen comparing Fig. 5a and 5b. The formation of a continuous layer of silver was obtained by increasing the deposition time to 8 min. In this way, silver forms a nearly continuous layer in most of the SiO 2 areas (Fig. 5c ). Silver clusters are observed on the graphene surface.
Discussion
Using the standard electroless formaldehyde-based procedure 40 of silver deposition, we observe higher density of silver particles on graphene than on the SiO 2 substrate (Fig. 2) . This undesired selectivity can be explained by larger density of hydroxyl groups on graphene 25 and consequently that Sn 2+ seeds bond to them. Avoiding the Sn 2+pretreatment, the desired selectivity with silver on silica is obtained, however, but not on graphene (Fig. 3) . Although the silver layer on silica is discontinuous, even with a longer deposition time, this indicates that the silica surface contains other nucleation points in the absence of SnCl 2 pre-treatment. In order to fill gaps, cracks and holes in graphene with silver, and to deposit silver exclusively on silica, there are two options: to remove seed points from the graphene surface, but leave them on the edge, or to avoid treating graphene with SnCl 2 , while treating silica with it before graphene transfer. We have investigated both possibilities and demonstrated silver growth selectively on graphene edges after HCl treatment ( Fig. 4) and continuous silver layer growth on silica, but not on graphene with SnCl 2 treatment before the graphene transfer ( Fig. 5) .
Except graphene edges, preferential silver deposition places can be introduced on graphene surface intentionally by, for example, tuning graphene growth conditions, introducing defects lithographically or drop-casting specific nanoparticles. One aspect not covered in this work, is the possibility and prevalence of silver deposition near vacancy defects inside the graphene, i.e. between edges. In contrast to the edges, the positions of individual vacancies are difficult to assess, which makes such a study significantly more challenging, as there is no simple way to tell if a silver particle located away from an edge was formed there due to a vacancy or other type of structural defect. A study of metal deposition near line defects in graphene has recently been published, however, the metal particles were deposited with atomic layer deposition. 47 The possibility of growing silver nanowires from the graphene edges is also demonstrated (inset in Fig. 4a ), but these results require further investigation. The growth of silver nanowires between graphene edges would be advantageous with respect to random nanowires drop-casting, since the latter leads to current conductivity mainly through the silver nanowires network, so the resulting composite material loses advantages of graphene's tunability. When pretreating the SiO 2 substrate with Sn 2+ before the graphene transfer, we observed that graphene is surprisingly well transferred without use of oxygen plasma for adhesion promotion. This effect can be due to the OH groups on graphene interacting with the Sn 2+particles on SiO 2 .
Conclusions
In conclusion, we have demonstrated electroless silver nanoparticle decoration of graphene edges. We have also shown selective silver deposition on the SiO 2 substrate between but not on top of graphene ) unless CC License in place (see abstract). ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 62.199.55.91 Downloaded on 2015-03-11 to IP D217 flakes. The nanoparticle decoration can be useful for repairing broken electrical connections in defected graphene for transparent conductive coatings or deterministic graphene nanopatterning, as well as for catalysis, disinfection, sensing, and nonlinear optical applications. The advantage of the electroless method is its scalability for mass production, cost efficiency, no need of high vacuum or a conductive substrate, contrary to the electrodeposition. Thus, the suggested method can be applied to silver deposition on graphene on virtually any substrate (for example, on polymer) and can be employed for effective graphene processing and development of the graphene-based devices. Moreover, the edge selective electroless deposition can be extended to other metals and, potentially, to other two-dimensional materials.
